Inhibition of polyamine uptake potentiates the anti-proliferative effect of polyamine synthesis inhibition and preserves the contractile phenotype of vascular smooth muscle cells.
Introduction
The polyamines putrescine (Put), spermidine (Spd) and spermine (Spm) are necessary for cell proliferation (Pegg, 1988) . Put is formed from the amino acid ornithine in a reaction catalyzed by ornithine decarboxylase (ODC). Spd and Spm are formed from Put via addition of first one and then a second aminopropyl group using spermidine synthase and spermine synthase, respectively. The chemical structure of Put, Spd and Spm is shown in figure 1. The intracellular polyamine levels are tightly regulated by de novo synthesis, degradation, and uptake of circulating polyamines. Many cancer cell types need high levels of polyamines to sustain their excessive proliferation rate, and accordingly show high activity of ODC and also high polyamine uptake (O´Brien, 1976; DiGiovanni, 1992; Weis et al., 2002; Linsalata et al., 2002) . The ODC inhibitor DFMO has been intensively evaluated in human clinical trials as an anti-cancer and chemopreventive agent (Meyskens and Gerner, 1999; Levin et al., 2000; Levin et al., 2003; Meyskens et al., 2008) . However, cancer cells may overcome polyamine depletion in response to DFMO treatment by importing polyamines obtained from diet or the intestinal microbial flora and delivered through the bloodstream (Sarhan et al., 1989) . Thus, for sustained therapeutic depletion of cellular polyamines it is important to target not only endogenous synthesis of polyamines but also their cellular uptake.
Vascular smooth muscle cells (VSMCs) residing in the vascular wall are normally in a quiescent "contractile" phenotype with a low rate of proliferation. They can, however, transform to a "synthetic" phenotype with a high rate of proliferation and diminished expression of contractile and cytoskeletal proteins (Owens, 1995) . This typically occurs in atherosclerosis and in response to vascular injury such as restenosis after arterial revascularization (Owens et al., 2004) . Hence, similar to cancer development this vascular pathology implies an increase in proliferative capacity, but in contrast to cancer the phenotype switching of VSMCs is generally reversible. In the clinical management of restenosis, stents and balloons coated with anti-cancer drugs such as the microtubule disruptor paclitaxel are widely used (Wessely, 2010) . Due to unwanted side-effects and therapeutic resistance, there is a strong need for new and effective anti-proliferative drugs with low toxicity to combat restenosis. Like other cells, VSMCs need polyamines to sustain their rate of proliferation (Odenlund et al., 2009; Grossi et al., 2014a) . Lowering VSMC polyamine levels with DFMO may represent an alternative method to address the unwanted VSMC proliferation observed in restenosis (Forte et al., 2013) . Such a strategy, however, would also need to target polyamine import processes because upregulated polyamine uptake in the presence of DFMO can compensate for inhibited polyamine synthesis (Grossi et al., 2014b) . Therefore, developing a combination therapy involving DFMO and a polyamine transport inhibitor (PTI) was warranted.
The import of polyamines has been demonstrated and characterized in bacteria and single cellular eukaryotes (Miller-Fleming et al., 2015) , but polyamine uptake in mammalian cells is less well understood. In fact, in mammalian cells no single polyamine transporter has yet been identified. There are two current models for polyamine transport, one involving a plasma membrane transporter (Soulet et al., 2002; Soulet et al., 2004; Poulin et al., 2012) and the other using a caveolin-dependent endosomal trafficking pathway (Belting et al., 1999; Belting et al., 2003; Welch et al., 2008) . Different transporters belonging to the family of solute carrier transporters, such as the SLCs and CCC9, and the organic cation transporter 6 (OCT6) have been implicated in polyamine uptake mechanisms (Igarashi et al., 2010; Poulin et al., 2012; Abdulhussein et al., 2014) . Uemura et al. (2010) demonstrated that the solute carrier transporter Slc3a2 mediates polyamine uptake in intestinal epithelial cells through a caveolin-1 (Cav-1)-dependent mechanism. It has also been reported that polyamine uptake is mediated by Cav-1-dependent endocytosis in colon cancer cells (Roy et al., 2008) . Another candidate involves Slc7a1/CAT-1 belonging to the cationic amino acid transporter (CAT) family, which is widely expressed in mammalian tissues (Palacin et al., 1998; Yang et al., 2007) . This CAT system can transport basic amino acids including lysine, arginine and ornithine but might also accept polyamines as substrates because of the similarity in structure as well as in transport characteristics between basic amino acids and polyamines (Sharpe and Seidel, 2005) . However, overexpression of CAT-1 in polyamine-transport deficient cells affected amino acid but not polyamine uptake, and consequently it was concluded that a common transporter involves an as yet unknown member of the CAT family (Sharpe and Seidel, 2005) .
Polyamine transport inhibitors (PTIs) have been synthesized to counteract the induced polyamine uptake under DFMO-treatment. In this study, we investigate a novel and potent polyamine transport inhibitor N1,N1 ′ ,N1 ″ -(benzene-1,3,5-triyltris(methylene))tris(N4-(4-(methylamino)butyl)butane-1,4-diamine (PTI-1) (Muth et al., 2014) . The chemical structure of PTI-1 is shown in figure 1 . We hypothesize that the combination therapy with DFMO+PTI would be very effective in depleting intracellular polyamine levels and limiting VSMC proliferation. The results show that PTI-1 efficiently inhibits polyamine uptake, but does not affect basic polyamine levels or cell viability when give alone. Furthermore, a very small pool of polyamines persisting during DFMO treatment is sufficient to support cell proliferation, but the combination with PTI-1 inhibits proliferation while reducing Put and Spd contents below the detection limit. These results encourage the combination of endogenous polyamine synthesis inhibition with polyamine uptake blockade in proliferative pathological settings in vivo, including vascular restenosis.
Materials and Methods

Animals
C57BL/6 mice were purchased from Scanbur (Karlslunde, Denmark) and matched for sex and age. Cav-1 KO mice were obtained from the Jackson Laboratory (Bar Harbor, ME, USA), backcrossed on C57BL/6 (Grossi et al., 2014b) and maintained in homozygous breeding at the local animal facility at BMC, Lund, Sweden. Mice had free access to standard chow and water and were euthanized with CO 2 . All experiments were approved by the local Animal Ethics committee in Lund/Malmö (M433-12).
Cells and cell culture
Aortas were isolated and incubated for 30 min at 37 o C in serum-free DMEM cell culture medium containing 1 mg/mL collagenase type 2 (Worthington Biochemical Corporation). The adventitia was then pulled off using forceps and the aortas were incubated for another 2 h in DMEM with 2 mg/mL collagenase type 2 and 0.2 mg/mL elastase (Sigma). Primary human coronary smooth muscle cells were purchased from Gibco. The VSMCs were cultured in DMEM medium with addition of antibiotics (50 U/mL penicillin and 50 µg/mL streptomycin) and 10% fetal bovine serum (FBS), and were trypsinized (0.25% trypsin) upon reaching confluence. The cells were used in passages 2-6. They grew in a "hill and valley pattern" (Chamley-Campbell et al., 1979) typical for VSMCs and were characterized by positive staining for the smooth muscle cell markers calponin and SM22α. The VSMCs were kept in a water-jacketed cell incubator at 5% CO 2 in air at 37°C.
Measurement of polyamine, arginine uptake and polyamine contents
The cells were pulse-labeled with radioactive ([ 3 H]) Put (10 µM), Spd (5 µM) or arginine (1 μCi) for 30 min at 37 C. The incubation was terminated by placing the cell dishes on ice followed by washing twice with PBS. The cells were lysed in 0.5 M NaOH and radioactivity was measured in a liquid scintillation counter (Beckman). Radioactivity was expressed as disintegrations per minute and normalized to the total protein concentration in each sample. Protein concentration was determined using a Bio-Rad protein assay kit based on the Lowry method (Lowry et al., 1951) . For polyamine analysis, cells were washed in PBS, harvested using 0.25% trypsin, and then centrifuged at 2880 g for 5 min at room temperature. The cell pellets were sonicated twice for 10 s in PBS, and aliquots were mixed with equal volumes of 0.4 M perchloric acid, incubated at 4 C for 30 min and then centrifuged at 18000 g for 2 min at room temperature. Chromatographic separation and quantitative determination of the polyamines in the cell extracts were done with high-performance liquid chromatography (HPLC, Hewlett Packard 1100) with o-phthalaldehyde as the reagent (Grossi et al., 2014b) . Cellular polyamine contents were normalized to total protein concentration in each sample.
Assessment of cell proliferation and density
Cell proliferation was evaluated by measuring cell viability using the Cell Counting Kit-8 (CCK-8, Dojindo, Kumamoto, Japan) assay according to the manufacturer's instructions. Briefly, cells were incubated with 10 µL CCK-8 reagent for 2.5 h at 37°C in a 96-well plate, and then absorbance at 450 nm was measured on an automated plate reader (Multiskan GO, Thermo Scientific). Each sample was analyzed in triplicate.
Cell density was determined by nuclear staining with crystal violet. The cells were fixed in Hank´s balanced salt solution containing 1% glutaraldehyde for 30 min and then incubated with 0.1% crystal violet for 30 min at room temperature. Unbound dye was removed by gently rinsing the plates in deionized water. The plates were air dried and inspected under a microscope. To dissolve the crystal violet pigments, 10% acetic acid was included for 5 min under gentle shaking. The absorbance at 595 nm was recorded using the microplate reader.
Quantitative real-time RT-PCR
Total RNA was isolated using miRNeasy mini kit (Qiagen), including on-column DNAse I digestion according to the manufacturer's instructions. The relative expression of target genes was analysed by one step quantitative real-time RT-PCR (StepOnePlus qPCR cycler, Applied Biosystems) using QuantiFast SYBR Green RT-PCR Kit (Qiagen, 204156) applying Gapdh as housekeeping gene (Pfaffl, 2001 ). The following QuantiTect primer assays (Qiagen) were used: Gapdh (Mm_Gapdh_3_SG, QT01658692), Slc3a2 (Mm_Slc3a2_1_SG, QT00109914), Slc7a1 (Mm_Slc7a_1__1_SG, QT00099799), Cnn1 (Mm_Cnn1_1_SG, QT00105420), Tagln (Mm_Tagln_1_SG, QT00165179) and Spp1 (Mm_Spp1_1_SG, QT00157724).
Immunochemistry and EdU proliferation assay
Vessels were fixed in 4% buffered formaldehyde, dehydrated and embedded in paraffin. Five micrometer cross-sections were dewaxed, rehydrated with descending concentrations of ethanol and rinsed in distilled water. The antigen for von Willebrand factor (vWF) and calponin/SM22α was retrieved, respectively, with proteinase K and trypsin treatments. Tissue sections were stained with the polyclonal rabbit SM22α (Abcam, 1:200), calponin (Abcam, 1:200) and vWF (Dako, 1:500) antibodies. The immunoreactive signal was visualized using secondary antibodies conjugated Alexa-Fluor-488 (Life Technologies) or Alexa-Fluor-555 (Invitrogen) at 1:200 dilution.
EdU staining was conducted using Click-iT™ EdU imaging kit (Invitrogen) according to the manufacturer's protocol. Cross sections were permeabilized with 0.5% Triton X-100 for 20 min, the sections were washed twice with 3% bovine serum albumin (BSA) in PBS and then incubated with a Click-iT™ reaction cocktail containing Click-iT™ reaction buffer, CuSO 4 , Alexa Fluor® 488 Azide, and reaction buffer additive for 30 min while protected from light. The sections were washed once more with 3% BSA and left in 3% BSA for 30 min more.
The nuclei were counterstained with DAPI (Invitrogen). Fluorescence signal was analysed using an Olympus DP72 microscope equipped with a digital camera. The Olympus CellSensDimension software was used for morphometric analysis.
Drugs
DFMO was kindly provided by Hoechst Marion Roussel, Cincinnati, OH, USA. PTI-1 was synthesized and provided by Otto Phanstiel´s laboratory at UCF in Orlando, Florida. Both DFMO and PTI-1 were dissolved in PBS.
Statistical analysis
Summarized data are presented as means ± SEM. For experiments using cultured cells, each culture dish represents one biological replicate, i.e. one observation (n=1). Statistical significance was calculated by Student´s t-test for single comparisons and by one-way ANOVA followed by Bonferroni's multiple comparison test for post hoc analysis as appropriate (GraphPad Software, Inc., San Diego, CA, USA). P-values < 0.05 were considered significant.
Results
The PTI-1 compound inhibits polyamine uptake in mouse VSMCs
The impact of PTI-1 on polyamine uptake was investigated in mouse VSMCs incubated with or without 5 mM DFMO for 2 days and then pulse labelled with [ 3 H]Put or [ 3 H]Spd in the presence or absence of increasing concentrations of PTI-1. Treatment with DFMO (1-10 mM) has previously been shown to inhibit VSMC polyamine formation without any impact on cell viability (Odenlund et al., 2009 ). DFMO-treatment increased basal Put and Spd import by about two-fold, whereas PTI-1 inhibited uptake of both polyamines in a concentration-dependent manner ( Fig. 2A and B) . The DFMO-enhanced Put uptake was completely prevented by PTI-1 at concentrations >1 µM, while DFMO-enhanced Spd uptake was slightly less sensitive. PTI-1 (0.025-3 µM) had no effect on DNA synthesis, assessed by measurement of [ 3 H]-thymidine incorporation, demonstrating that PTI-1 alone at these concentration has no toxic effect (data not shown). In the following experiments, 0.5 µM PTI-1 was used, a concentration that almost completely blocks both basal and DFMO-induced Put and Spd uptake. PTI-1 inhibited both basal and DFMO-induced Put and Spd uptake also in VSMCs cultured under growth-arrested (0.1 % FBS) conditions (data not shown).
Degradation of polyamines by serum oxidases may affect the amount of radio-labelled Put and Spd available for uptake. Therefore, we performed control experiments measuring Put and Spd uptake in the presence of the diamine oxidase inhibitor aminoguanidine. Uptake of [
3 H]-Put and [ 3 H]-Spd was similar both in the presence and absence of 0.25 mM aminoguanidine (data not shown). Uptake of polyamines and the polyamine precursor arginine have been suggested to share a common mechanism (Abdulhussein et al., 2014) , and, therefore, we measured uptake of [ 3 H]-labelled arginine. DFMO decreased arginine uptake by about 20% compared with control cells, possibly reflecting decreased cellular arginine utilization (data not shown). Treatment with PTI-1 alone or in combination with DFMO had no effect on arginine uptake (data not shown).
Cav-1 negatively regulates polyamine uptake in VSMCs, resulting in increased basal as well as DFMO-stimulated polyamine uptake in Cav-1 KO relative to wild-type mice (Grossi et al., 2014b) , PTI-1 reduced basal and completely prevented DFMO-induced polyamine uptake in Cav-1 knockout VSMCs (Fig. 3) . Both the caveolin-1-and DFMO-regulated polyamine uptake components are thus sensitive to PTI-1.
Severely reduced cellular Put and Spd levels are needed to inhibit vascular smooth muscle cell proliferation
Next, we studied the impact of DFMO and PTI-1, alone and in combination, on mouse VSMC proliferation and polyamine contents. Treatment with either DFMO (5 mM) or PTI-1 (0.5 μM) for 2 days did not affect cell proliferation determined by CCK-8 assay and crystal violet staining, but the combined treatment with DFMO and PTI-1 reduced cell proliferation by about 35% (Fig. 4 A  and B) . Treatment with 5 mM DFMO for 2 days reduced Put and Spd levels by at least 95%, while treatment with PTI-1 alone had no effect on polyamine levels (Fig. 4 C and D) . Importantly, the combination of DFMO with PTI-1, reduced both Put and Spd levels below the detection limit (Fig.  4 C and D) . Since cells have significant stores of polyamines, depletion of intracellular polyamine levels by DFMO is expected to be a slow process. To address this issue, we examined cell proliferation and polyamine contents following a prolonged time exposure to DFMO. Treatment with DFMO (5 mM) for 4 days reduced mouse VSMC proliferation by about 50% (Fig. 5 A and B) . Combination of DFMO with PTI-1 (0.5 µM) reduced proliferation more than treatment with DFMO alone (Fig. 5 A and B) . The reduction of proliferation by DFMO alone or in combination with PTI-1 was associated with severe reduction of intracellular Put and Spd levels below the detection limit ( Figure 5 C and D) . Treatment with DFMO and PTI-1 alone or in combination for either 2 or 4 days had no effect on VSMC Spm levels (data not shown).
Taken together these data indicate that only a very small pool of Put and/or Spd is needed to sustain VSMC proliferation.
Effects of treatment with DFMO and PTI-1 on VSMC gene expression
To evaluate the biological impact of inhibiting both endogenous synthesis and uptake of polyamines, we checked the mRNA levels of selected genes after 2 days of treatment with DFMO (5 mM) and PTI-1 (0.5 µM) (Fig. 6) . The membrane transporters Slc3a2 and Slc7a1 (also known as CAT-1), belonging to the family of solute carriers, are potentially involved in polyamine uptake (Poulin et al., 2012) . Both Slc3a2 and, especially, Slc7a1 gene expression was up-regulated similarly by DFMO and DFMO+PTI-1 treatment (Fig. 6) . DFMO potentiated the expression of the smooth muscle contractile markers Cnn1 (calponin) and Tagln (SM22α) (Fig.6) . The combination of DFMO with PTI-1 gave no additional effect. Spp1, coding for osteopontin, is suggested to be involved in the shift of VSMCs from a contractile to a synthetic phenotype (Wolak et al., 2014) . The Spp1 gene was down-regulated by DFMO alone and in combination with PTI-1 (Fig. 6) , providing additional evidences that inhibition of polyamine synthesis and uptake promotes the contractile phenotype in parallel with inhibition of proliferation.
Treatment with DFMO and PTI-1 in combination inhibits proliferation in human VSMCs
Next, we investigated the impact of PTI-1 in human VSMCs to see if PTI-1 represents a general concept for inhibiting polyamine uptake and proliferation. Treatment of primary human coronary smooth muscle cells with 5 mM DFMO for 2 days caused a 5-and 2.5-fold induction of Put and Spd import, respectively ( Fig. 7 A and B) . PTI-1 (0.5 µM) completely inhibited the DFMO-induced Put and Spd uptake ( Fig. 7A and B) . Treatment with PTI-1 reduced basal polyamine uptake as well. Treatment with either DFMO (5mM) or PTI-1 (0.5 μM) for 2 days did not affect human VSMC proliferation as determined by CCK-8 assay and crystal violet staining (Fig. 7 C and D) . However, the combined treatment with DFMO and PTI-1 reduced human VSMC proliferation by about 35%, similar to the findings in mouse VSMCs.
DFMO and PTI-1 act in synergy to inhibit VSMC proliferation in cultured mouse aorta
Aorta organ culture has been widely used as an ex vivo model for studying vessel pathophysiology including endothelial dysfunction, vasoconstriction, and proliferation of VSMCs in their tissue and matrix environment. The organ culture experiments reported here were done in the presence of insulin (10 nM) and a low concentration (2%) of dialyzed FBS, a combination we have previously found to be suitable for preserving contractility (Zeidan et al., 2003) . To evaluate the potential effect of the combination of DFMO and PTI-1 on VSMC proliferation, we cultured mouse aortic rings for 3 days in the presence or absence of DFMO (5 mM) or PTI-1 (1 μM) alone or in combination. The expression of smooth muscle (calponin/SM22α) and endothelium (vWF) differentiation marker expression at the protein level were not affected by treatment with DFMO and PTI-1 alone or in combination within this time frame (Fig. 8) .
Consecutive sections to the ones used for immunohistochemistry were used to check the proliferation rate in the vascular media layer by EdU-assay. Treatment with DFMO alone and the combination of DFMO and PTI-1 were both effective in reducing VSMC proliferation in intact tissue, with a significantly larger effect of the combination (Fig. 9 A and B) . Even though effects of polyamine manipulation on proliferation rate were detected, the incubation time of 3 days was insufficient to produce measurable morphological effects, as evidenced by unaltered number of VSMC nuclei (Fig. 9 C) . No effects of PTI-1 and DFMO treatment on lumen area, media area or media thickness were observed following this short culture period (data not shown).
Discussion
In this study we explored the importance of polyamine uptake for VSMC proliferation using a novel polyamine transport inhibitor (PTI-1). We demonstrate that the combined treatment with PTI-1 and the polyamine synthesis inhibitor DFMO effectively and specifically antagonizes VSMC proliferation both in vitro and ex vivo. Importantly, DFMO + PTI-1 inhibits proliferation and polyamine uptake in human as well as mouse VSMCs. The PTI-1 compound has been thoroughly characterized in human pancreatic cancer cells, showing high potency (EC 50 =1.4 µM) for inhibiting the uptake of spermidine, low sensitivity to amine oxidases and low toxicity (Muth et al., 2014 ). An alternative approach for reducing intracellular polyamines is to find synthetic analogues of polyamines that compete with the import of natural polyamines but do not replace their function and, moreover, have the capacity to decrease natural polyamine levels by increasing their catabolism (Nowotarski et al., 2013) . However, increasing polyamine catabolism may lead to increased formation of toxic metabolites including aldehydes and H 2 O 2 (Wood et al., 2007; Pegg, 2013) , representing a major disadvantage of this approach. Another limitation to the use of polyamine analogues is that they may inhibit their own import via induction of antizyme, which reduces uptake of the polyamine analogues (Mitchell et al., 2004) . Thus, DFMO+PTI-1 combination may circumvent these issues especially if PTI-1 acts as a competitive inhibitor outside of cells. Future studies will be needed to better understand the role of antizyme during treatment of DFMO in combination with PTI-1.
Local application of DFMO inhibits smooth muscle proliferation without affecting the endothelial layer in rats exposed to a carotid lesion (Forte et al., 2013) . This prior study, provided proof of principle for polyamines as a therapeutic target in this setting. Studies in cultured rat tail artery rings showed that DFMO counteracts the proliferation and loss of contractile differentiation caused by culture with FBS as a growth stimulant (Grossi et al., 2014a) . The present data show that the combination of DFMO with PTI-1 more rapidly and potently attenuates VSMC proliferation than treatment with DFMO alone. Drug-eluting stents and balloons remain active for only a limited time after insertion, and thus it is important to keep the time of onset as short as possible (Wessely, 2010) . Stents and balloons releasing the combination of DFMO and PTI-1 may represent a therapeutic option providing rapid and effective VSMC anti-proliferation.
The structure of the vascular wall is well maintained during polyamine depletion as demonstrated by unaltered endothelial expression of vWF and by expression of contractile phenotype marker proteins such as calponin and SM22α in the vessel media ex vivo and in vivo (present results, and Forte et al., 2013) . At the mRNA level Cnn1 and Tagln, coding for these proteins, were increased whereas Spp1, coding for the synthetic phenotype marker osteopontin (Wolak, 2014) , was decreased by DFMO as well as by its combination with PTI-1. This likely represents a reversal towards a more contractile phenotype of the cultured VSMCs under growth stimulation by 10% FBS. At 2 days of culture, cell proliferation was inhibited only when DFMO was combined with PTI-1, whereas at 4 days DFMO alone reduced proliferation, potentiated by the addition of PTI-1. This suggests that the small pool of polyamine remaining at 2 days of treatment with DFMO is sufficient to support proliferation. Both treatments, however, had a similar effect on smooth muscle marker expression at 2 days, supporting the notion that DFMO started to depress signals for proliferation by this time point. Competition by proliferative mediators for the expression of smooth muscle genes has been demonstrated (Wang et al., 2004) .
In several clinical trials, DFMO has been administered to cancer patients as a chemotherapeutic agent. It has the advantage of low toxicity and oral bioavailability which makes the drug particularly suitable for therapeutic use (Pegg, 1988; Meyskens and Gerner, 1999) . The disadvantage of DFMO is that the drug activates the uptake of polyamines which allows the cancers to circumvent its inhibition of polyamine biosynthesis. This is consistent with our observations in cultured VSMCs. The import-facilitated escape pathway may explain why the mouse and human VSMCs are resistant to acute treatment with DFMO alone for 2 days, and that a rather long-term (4 days) administration is required to deplete cellular polyamines sufficiently for inhibiting VSMC proliferation. Interestingly, treatment with DFMO for 2 days reduces VSMC polyamine contents by more than 95% but leaves a small residual fraction able to support cell proliferation. Inclusion of PTI-1 depletes VSMC polyamine contents below the detection limit of our assay, suggesting that this DFMO-resistant polyamine pool is dependent on cellular uptake. For the VSMCs in culture, the polyamines present in culture medium and available for uptake are probably released from the cells rather than introduced through supplementation of the culture medium with 10% FBS, since no polyamines are detected by HPLC analysis in the batches of FBS used for the present experiments (data not shown).
Treatment with DFMO not only enhances gene expression of the contractile markers calponin and SM22α but also increases expression of the putative polyamine transporters Slc3a2 and Slc7a1 (CAT-1). Interestingly, both Slc3a2 and Slc7a1 show a rapid increase in mRNA levels after vascular injury (Forte et al., 2008) . Administration of PTI-1 alone (at 0.5 µM) has no effect on the expression of these genes, and, furthermore, PTI-1 had no effect on the DFMO-evoked upregulation of Slc3a2 and Slc7a1. The DFMO-induced up-regulation of these Slcs is probably due to lowered cellular Put and Spd levels. Treatment with DFMO in vivo has been reported to have no effect on cellular levels of ornithine in various tissues making it less likely that ornithine regulates Slc3a2 and Slc7a1 expression . On the whole, our data show that PTI-1 (at 0.5 µM) inhibits polyamine uptake but has no effects on gene expression either for genes coding for smooth muscle contractile marker proteins or genes coding for putative polyamine transporters. Importantly, these data suggest that PTI-1 specifically blocks polyamine uptake at the plasma membrane level, presumably as a competitive inhibitor at the cell surface, and has no intracellular effects. The inhibitor thus works synergistically with DFMO by a completely separate mechanism to reduce intracellular polyamine levels.
In conclusion, our data demonstrate that treatment with the combination of DFMO and PTI-1 depletes VSMC polyamine contents more efficiently than DFMO alone, inhibits VSMC cell proliferation, and maintains the VSMCs in a contractile phenotype. These results suggest that the combination of polyamine biosynthesis inhibitors and polyamine uptake inhibitors may be of significant therapeutic value in proliferative pathological settings in vivo, including vascular restenosis. Cell proliferation was assessed by evaluating cell viability by the CCK-8 assay (A) and cell density by crystal violet (B). PTI-1 was included at 0.5 µM. Cellular polyamine contents were assessed by HPLC (C and D) . Two replicate cultures were performed. Values are presented as means ± SEM. n= 6-13 for each group. * and *** represent P<0.05 and P<0.001, respectively.
Figure legends
Fig. 6. Analysis of VSMC gene expression after 2 days of treatment with DFMO and PTI-1 alone or in combination.
Quantitative real-time PCR analysis of gene expression in cells harvested after 2 days of treatment with DFMO (5 mM) and PTI-1 (0.5 µM) alone or in combination. The VSMC contractile marker genes Cnn1, Tagln1 and Spp1 code for calponin, SM22α and osteopontin, respectively. Two replicate cultures were performed. Data are presented as mean ± SEM. n= 4 for each group. *, ** and *** represent P < 0.05, P<0.01 and P<0.001, respectively. for 30 min after treatment with or without 5 mM DFMO for 2 days. PTI-1 was introduced together with the radio-labelled polyamines. Cell proliferation was assessed by evaluating cell viability by the CCK-8 assay (C) and cell density by crystal violet (D) after 2 days of treatment with PTI-1 or DFMO alone or in combination. Two replicate cultures were performed. Values are presented as the means ± SEM. n= 6-8 for each group. ** and *** represent P<0.01 and P<0.001, respectively.
Fig. 8. Expression of smooth muscle and endothelium differentiation markers is not affected by treatment with DFMO and PTI-1 alone or in combination.
Mouse aortic rings were cultured for 3 days in DMEM supplemented with 10 nM insulin and 2% dialyzed FBS and treated with DFMO (5 mM) and PTI-1 (1 µM) alone or in combination. Similar immunostaining was observed for the endothelial cell marker vWF (von Willebrand factor) and contractile marker proteins calponin and SM22α in control rings and in rings treated with or without DFMO and PTI-1. The nuclei were stained with DAPI. The scale bar in the upper left panel applies to all images. Mouse aortic rings were cultured for 3 days in DMEM supplemented with 10 nM insulin and 2% dialyzed FBS and treated with DFMO (5 mM) and PTI-1 (1 µM) alone or in combination. EdU (25µM) was added to the rings 24 h before harvest (green, A). The proportion (%) of EdU-positive cells (i.e., proliferating cells) within the media was determined by counting the EdU-positive cells and normalizing them by the total number of cells (blue, DAPI). Summarized data are presented in panels B and C. The scale bar in the upper left panel in Figure A applies to all images. The EdUpositive cells and total number of VSMC nuclei were determined in 3 sections per mouse. n= 10 mice for each group. * represents P<0.05. 
